Summary. Granulosa 
Introduction
Mechanisms underlying the control of oestrogen secretion by the human corpus luteum are incom¬ pletely understood. Luteinized granulosa cells produce progesterone under LH control but there is uncertainty over oestrogen (reviews: Dorrington, 1977; Baird, 1985) . Studies in vitro with minced or enzymically dispersed luteal tissue show that oestrogen formation is gonadotrophin-responsive (Hunter & Baker, 1981; Richardson & Masson, 1981) . Although such studies shed no light on the cellular site of aromatization, it is most likely that luteal aromatase activity is concentrated in granulosa-lutein cells in the same way that follicular aromatase activity is located mainly in the granulosa cell layer before ovulation (Hillier, Reichert & van Hall, 1981) . Since there is in-vitro evidence that luteinized theca cells undertake de-novo androgen synthesis (Macnaughton, Kader, Gaukroger & Coutts, 1981) , granulosa-lutein cells in the corpus luteum may use thecal precursor androgens to synthesize oestrogen in a 'two-cell' type mechanism similar to that proposed for the preovulatory follicle (Bjersing, 1981) .
The cellular heterogeneity of the fully formed human corpus luteum makes it difficult to isolate homogeneous granulosa-lutein cell preparations suitable for systematic study in vitro of gonadotrophin-responsive steroidogenic potential. An alternative approach is to study 'pure' luteinized granulosa cells harvested from periovulatory follicles as a by-product of aspiration to obtain eggs for in-vitro fertilization (Hillier, Wickings, Afnan, Margara & Winston, 1984b) . We have used such cells to establish primary granulosa-lutein cell cultures and undertake detailed studies of time-and gonadotrophin-dependent steroid biosynthesis.
Materials and Methods
Isolation of granulosa-lutein cells. Aspirates were obtained from 8 periovulatory follicles in the ovaries of 6 patients undergoing in-vitro fertilization treatment (Hillier et al, 1984b (Hillier, Parsons, Margara, Winston & Crofton, 1984a) .
Granulosa-lutein cell aggregates were separated from follicular fluid by unit gravity sedimen¬ tation and/or centrifugation (\30g for 5 min) depending on the degree of contamination by blood. After washing once with Dulbecco's phosphate-buffered saline (PBS) (Gibco Ltd, Paisley, U.K.) containing (w/v) 0-1% bovine serum albumin (BSA) (Miles Laboratories Ltd, Slough, Berks, U.K.), the aggregates were incubated for 10-20 min at 37°C in 0-5 ml PBS-BSA containing (w/v) 0-1% bovine testicular hyaluronidase (Sigma Chemical Co., Poole, Dorset, U.K.). The cell suspen¬ sion was subjected to repeated gentle pipetting to effect maximal dispersion and then diluted by the addition of 5 ml PBS-BSA. Following centrifugation, the cells were resuspended in culture medium and counted in a haemocytometer. The (Reichert, 1967) (Hillier et al, 1984b) . To measure the activity present in cultured monolayers, the assay was modified as follows. Exogenous aromatase substrate (10 "6 M-testosterone) (Sigma) was introduced to two of the culture wells in each quadruplicate set; the other duplicate received vehicle alone (5 µ absolute ethanol per culture well). The testosterone-treated and corresponding control cultures were then re-incubated for 3 h at 37°C in the tissue culture incubator before the medium was removed and stored frozen at -20°C to await assay of oestradiol content (see below). Aromatase activity was expressed as oestradiol production (nmol/106 cells per 3 h) in the presence of 10~6 m-testosterone after correction for the oestradiol value in the absence of testosterone (usually not measurable).
Progesterone production. Progesterone accumulation was measured in the medium collected from the culture wells not treated with testosterone for the aromatase assay. The progesterone con¬ tent of the culture inoculum and the initial rate of progesterone production by the freshly isolated cells were determined as described before (Hillier et al, 1984b) . The results were expressed as nmol progesterone/106 cells.
Steroid assays. Oestradiol and progesterone levels were measured in unextracted follicular fluid and culture medium by specific radioimmunoassays validated for this purpose as described previously (Hillier, Knazek & Ross, 1977; Hillier et al, 1981) . In the present study the intraassay coefficients of variation were 3-4% for oestradiol and 3-2% for progesterone: the inter-assay variation was 8-9% for oestradiol and 7-5% for progesterone.
Results
Based upon aspirated follicular fluid volume, follicular fluid steroid concentrations and the steroidogenic activity in vitro of freshly harvested granulosa-lutein cells, the 8 follicles studied were judged to have been fully mature at the time of aspiration (Table 1) . Seven of them yielded an oocyte and 4 of these developed into cleaving embryos after in-vitro fertilization. As found pre¬ viously, there was no relationship between the characteristics of follicular steroidogenesis and of in-vitro fertilization outcome (Hillier et al, 1984b 
Gonadotrophin-dependent changes in granulosa-lutein cell steroidogenesis
Gonadotrophin-dependent responses were systematically evaluated in the Day-4 cultures established with granulosa-lutein cells recovered from Follicles 4-8. Dose-response profiles for LH (0-1-30-0 ng/ml) and FSH (10-300 ng/ml) are shown in Fig. 2 . Specific details are as follows.
Aromatase activity. LH and FSH each exerted concentration-dependent stimulatory effects on granulosa-lutein cell aromatase activity. Maximal LH stimulation ranged between 1-3 and 2-9-fold (average 20-fold) when the gonadotrophin was present at 1 or 10 ng/ml. The FSH preparation was much less active and a concentration of 300 ng FSH/ml was required to achieve the same degree of stimulation caused by 1 or 10 ng LH per ml.
Progesterone accumulation. Progesterone accumulation was less responsive to either gonado¬ trophin than aromatase activity. Maximal stimulation by LH (average 2-4-fold, range 1-5-3-2-fold) required 10 or 30 ng LH/ml as compared with 1 or 10 ng LH/ml for stimulation of aromatase activity. Although progesterone accumulation was hardly affected by the presence of FSH at con¬ centrations up to 100 ng/ml, it was increased 1-1-2-0-fold (average 1-4-fold) by the presence of 300 ng FSH/ml. However, even at this dose the stimulation was only a fraction (about one third) of that caused by 1 or 10 ng LH/ml.
Discussion
The culture conditions described permit human granulosa-lutein cells to undertake gonadotrophinresponsive steroidogenesis for at least 6 days. This is equivalent to the first half of the functional lifespan of the corpus luteum formed in a natural ovulatory menstrual cycle (Baird, Bäckström, McNeilly, Smith & Wathen, 1984) . At the time of cell harvest shortly before ovulation, the steroidogenic capacity of the aspirated granulosa-lutein cells would be expected to approximate that of the cells remaining in the follicle to become part of the corpus luteum. Although the cells came from multiple, pharmacologically induced follicles, we deemed them to have been function¬ ally 'normal' based on conventional biochemical correlates of periovulatory follicular maturity and the fact that most of the eggs recovered underwent successful fertilization in vitro. This tissue culture system can therefore be used to examine the cellular basis of steroid biosynthesis in the human corpus luteum.
Apart from trophic factors, luteinized granulosa cells require exogenous cholesterol to serve as a precursor for the high rates of progesterone biosynthesis which they undertake in the corpus luteum (Gwynne <& Strauss, 1982) . They are thought to depend mainly upon the cholesterol frac¬ tion which circulates in plasma in association with low-density lipoprotein (Carr, MacDonald & Simpson, 1982) . Presumably, the cultured cells studied here derive adequate amounts of precursor cholesterol from serum added to the culture medium. The fact that progesterone accumulated at an increased rate when gonadotrophin was added to the culture medium is evidence that they were not constrained unduly by the availability of exogenous steroidogenic substrate(s).
Initially the rate of progesterone production was refractory to gonadotrophic stimulation. This is similar to other experience with short-term (up to 48 h) incubations of human luteinized granulosa cells (Bieszczad, McClintock, (Fisch, Hillier, Margara <& Winston, 1985) .
Once gonadotrophin-responsive steroidogenesis is established, cultured granulosa-lutein cells become highly sensitive to human LH. Since the LH preparation used is so pure (specific activity 10 400 i.u./mg as determined by bioassay and radioimmunoassay: L.E. Reichert, Jr, unpublished data), the lowest stimulatory dose (0-1 ng LH/ml) was equivalent to~0-5mi.u. LH/ml. It is not known whether the mid-luteal phase human corpus luteum develops a similar degree of sensitivity to circulating LH in vivo. However, there is evidence to suggest that the rhesus monkey corpus luteum becomes increasingly responsive to fluctuations in the circulating plasma LH concentration as the luteal phase progresses (Ellinwood, Norman & Spies, 1984) and this is probably the case in man as well (Vande Wiele et al, 1970) .
This study also reveals time-and concentration-dependent changes in gonadotrophinresponsive granulosa-lutein cell aromatase activity. The activity was high at the time of cell harvest (ovulation), falling to a fractional level within 1 day of culture. Although partial recovery occurred thereafter in unstimulated cultures, complete recovery and further increases were gonadotrophindependent. The temporary decline in aromatase activity is difficult to explain in view of the fact that progesterone biosynthesis continued unabated. One possibility is that it was due to a non-specific influence accompanying cell adaptation to culture. It is not known whether a similar decline in granulosa-lutein cell aromatase activity occurs in the corpus haemorrhagicum. If it does, it would coincide with the mid-cycle nadir in the circulating oestradiol concentration which is known to occur shortly after ovulation in the spontaneous cycle (Lenton, Sulaiman, Sobowale & Cooke, 1982) .
Luteinized human granulosa cells, like their unluteinized progenitors in the preovulatory fol¬ licle, are unable to undertake significant amounts of oestradiol biosynthesis in vitro unless supplied with an exogenous aromatase substrate such as testosterone (Hillier et al, 1981) . In the corpus luteum, LH-stimulated theca-lutein cells are likely to be a source of precursor androgen in the same way that theca interna cells are believed to be in the preovulatory follicle (Baird, 1983) . Histological studies show how theca-lutein cells become conspicuous at the same time that the corpus luteum starts to secrete large amounts of oestrogen (Bjersing, 1981; Fujita, Mori, Suzuki, Nihnobu & Nishimura, 1981) . These cells become prominent as trabeculae among the enlarging granulosalutein cells and are often found in close proximity to the newly formed blood vessels which penetrate the gland (Corner, 1956) . When incubated in vitro, human luteal tissue purported to be rich in theca-lutein cells produced more labelled androgen from 14C-labelled pregnenolone than did granulosa-lutein cell-enriched preparations (Macnaughton et al, 1981) . It is therefore possible that granulosa-lutein cells adjacent to theca-lutein cells are a major site of luteal oestrogen for¬ mation using theca-derived androgen precursor(s). The suspected role of LH in controlling thecalutein cell androgen biosynthesis in the human corpus luteum remains to be proved experimentally (Bjersing, 1981; Fujita et al, 1981) . However, the present demonstration that the granulosa-lutein cell aromatase system is itself LH responsive points to a second locus of action through which the hormone might control oestrogen biosynthesis in the human corpus luteum.
The stimulatory effects of FSH observed during this study could be wholly or partly artefactual. The human FSH preparation used has perhaps the highest FSH:LH ratio of any which has been rigorously evaluated by specific and quantitative in vivo bioassays of gonadotrophin activity (Reichert, 1967) . However, the effect of small contaminating amounts of LH (~0-5% of the total gonadotrophic activity) could be adequate to explain stimulatory effects on steroidogenesis such as those observed here. This does not explain why aromatase activity was more responsive to the FSH preparation than was progesterone production (see Fig. 2 ). Oestradiol but not progesterone bio¬ synthesis by minces of human luteal tissue was reported to be stimulated by the addition of FSH to incubation medium in the study of Hunter & Baker (1981) , and luteal tissue recovered during the early luteal phase contains specific FSH receptors (McNeilly, Kerin, Swanston, Bramley & Baird, 1980) . Therefore, a role for FSH in the control of luteinized granulosa cell function still cannot be ruled out.
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